The effect of nalidixic acid on the growth of various deoxyribonucleic acid (DNA) bacteriophages has been investigated by one-step growth experiments. The Escherichia coli bacteriophages T5, X, T7 and OR are strongly inhibited by nalidixic acid, whereas T4 and T2 are only partially inhibited. The Bacillus subtilis bacteriophages SP82, SP50, and 429 are relatively unaffected by nalidixic acid. There is no correlation between those bacteriophages which can grow in the presence of nalidixic acid and the presence of an unusual base in the phage DNA. Nalidixic acid is an antibiotic (7) and a potent and specific inhibitor of deoxyribonucleic acid (DNA) synthesis in both gram-negative bacteria such as Escherichia coli (6) One-step growth experiments. Cells were grown to early log stage (2 X 108 per ml for E. coli and 5 X 10T per ml for B. subtilis), infected at zero time (to) with a multiplicity of less than 1, and allowed to adsorb for 5 to 7 min. The infective centers were diluted through broth into growth flasks to a concentration of approximately 103 infective centers per ml. The growth flasks contained either 0, 10, or 50 ,ug of NAL per ml. Growth flasks were incubated with shaking at 37 C and assayed for phage particles at intervals until burst was complete.
The effect of nalidixic acid on the growth of various deoxyribonucleic acid (DNA) bacteriophages has been investigated by one-step growth experiments. The Escherichia coli bacteriophages T5, X, T7 and OR are strongly inhibited by nalidixic acid, whereas T4 and T2 are only partially inhibited. The Bacillus subtilis bacteriophages SP82, SP50, and 429 are relatively unaffected by nalidixic acid. There is no correlation between those bacteriophages which can grow in the presence of nalidixic acid and the presence of an unusual base in the phage DNA. Nalidixic acid is an antibiotic (7) and a potent and specific inhibitor of deoxyribonucleic acid (DNA) synthesis in both gram-negative bacteria such as Escherichia coli (6) and gram-positive bacteria such as Bacillus subtilis (3) . In 1967, Taketo and Watanabe reported that nalidixic acid (NAL) also strongly inhibits the growth of E. coli DNA bacteriophages (11) . However, more recently, Gage and Fugita reported that the B. subtilis bacteriophage SPOI has an almost normal burst in the presence of NAL (5) . SPOl is unusual in that its DNA contains hydroxymethyluracil in place of thymine. Since we are interested in the mechanism of action of NAL, we decided to examine the effect of the drug on the growth of several different DNA bacteriophages, with and without unusual bases, to learn whether NAL only affects those DNA bacteriophages which have normal bases. Surprisingly, we found that several DNA bacteriophages grow reasonably well in the presence of NAL, whereas others are strongly inhibited. However, there is no correlation between the ability to grow and the presence of unusual bases in the DNA.
MATERIALS AND METHODS
Strains and media. The bacteriophages investigated and their bacterial host strains are listed in Table 1 . The media used for the various bacteriophage-host systems are also listed in Table 1. Chemicals. NAL was obtained from SterlingWinthrop Laboratories. Fresh stock solutions of NAL, 5 mg/ml in 0.1 M NaOH, were prepared for each experiment.
One-step growth experiments. Cells were grown to early log stage (2 X 108 per ml for E. coli and 5 X 10T per ml for B. subtilis), infected at zero time (to) with a multiplicity of less than 1, and allowed to adsorb for 5 to 7 min. The infective centers were diluted through broth into growth flasks to a concentration of approximately 103 infective centers per ml. The growth flasks contained either 0, 10, or 50 ,ug of NAL per ml. Growth flasks were incubated with shaking at 37 C and assayed for phage particles at intervals until burst was complete.
Experiments with phage X were performed by temperature induction of the lysogenic strain W3350 (XcI857). An overnight culture of W3350(XcIl57) grown at 30 C in broth was diluted 1:100 into fresh broth. Cells were grown to 2 X 108 per ml at 30 C. At to the culture was shifted to 42 C for 7 min and then diluted into growth flasks containing 0, 10, or 50,g of NAL per ml. The growth flasks were incubated at 37 C. Assays were performed by preadsorbing phage particles on indicator bacteria for 5 min and then plating. The indicator strain was an overnight culture of C600 resuspended in 10-2 M MgSO4.
In experiments with OR, log cells were chilled to 0 C, and the phages were adsorbed for 15 min at 0 C in the presence of 5 X 10-3 M Ca2+, and 5 X 10-3 M Mg2+.
Otherwise, the procedure was essentially the same as in experiments with other virulent phages, except that to was the time the infective centers were diluted into growth flasks rather than at the beginning of the adsorption period.
3H-thymidine incorporation. DNA synthesis in T7 or T5-infected cells was studied by following the incorporation of 3H-thymidine into trichloroacetic acid-insoluble material, essentially by the method of Studier (10) . The conditions of infection were as described above and in Table 1 , with the following exceptions: the multiplicity of infection was 5; the T7 experiment was carried out at 30 C; and the host strain for T5 was E. coli B. After adsorption, the phage-infected cultures were split into two flasks: a control and one containing 10 ,g of NAL per ml. At periodic intervals, samples were removed to measure the phage titer or the rate of DNA synthesis. For the latter measurements, 2-ml samples of phageinfected cells were added to tubes containing 5 ,tCi of 3H-thymidine (3 Ci/mmole). After 30 sec of incubation, the reactions were stopped by the addition of 2 ml of cold 15% trichloroacetic acid. The samples were filtered on cellulose nitrate filter discs (0.45 ,m, Matheson Higgins Co.), and the filters were washed with a total of 15 ml of 3% trichloroacetic acid, dried, and counted in a toluene scintillation fluid.
RESULTS
The effect of NAL on the growth of various E. coli bacteriophages has been tested by comparing one-step growth curves of control and NAL-treated cultures. Such a comparison is shown in Fig. 1 for both T4 and T7. It can be seen that both bacteriophages give normal bursts in the absence of NAL. On the other hand, in the presence of 10 ,ug of NAL per ml, T4 gives an almost normal burst (77% of the control), whereas T7 has a much reduced burst (3% of the control).
A summary of the results of one-step growth experiments with six different E. coli bacteriophages in the presence and absence of NAL is presented in Table 2 . Since the burst sizes vary for the different host-phage systems, the results are expressed in terms of the ratio of the burst size in NAL to the burst size in the absence of NAL. It can be seen that the ratio varies considerably for the different bacteriophages; e.g., in 10 Mg of NAL per ml, T4 has a burst size 62% of the burst size in the absence of NAL, whereas qR has a burst size only 1.4% of the control. The results in Table 2 show that T4 and T2 are relatively unaffected by NAL, whereas T5, X, T7, and OR are strongly inhibited.
Why is growth of the latter bacteriophages inhibited by NAL? We investigatea phage adsorption in the presence of NAL, and found it to be normal. Also, NAL does not kill free phage particles. Thus, the most likely explanation of the NAL inhibition of T5, X, T7, and OR is that NAL stops DNA synthesis in phage-infected bacteria.
T7 and T5, two of the most strongly inhibited bacteriophages, were studied in further detail. To rule out the possibility that NAL allows normal phage development but prevents lysis of the cell, phage-infected cells were artificially lysed by sonic oscillation and were assayed for phage particles. To explore the differences between our results with T4 and T2 and those of Taketo and Watanabe (11), we tested the effect of the time of addition of NAL on the growth of T4. Table 4 shows that, although the addition of 50 ,ug of NAL per ml 7 min after infection allows a relatively large burst (34% of normal), addition of NAL at various times before infection causes progressively greater inhibition of the burst (only 2 % of normal at -30 min). The small bursts are not due to poor adsorption of phage particles; adsorption was greater than 97% in each of the experiments reported in Table 4 .
The effect of NAL on one-step growth experiments with various B. subtilis bacteriophages is presented in Table 2 . The three phages tested were SP82, SP50, and 029. SP82 is similar to SPOI and contains DNA with hydroxymethyluracil in place of thymine. SP50 and 429 contain only the four normal bases. a NAL, 50,ug/ml, was added either after infection (+) or before infection (-).
Our work on XcI857 is consistent with that of Cowlishaw and Ginoza, who studied X prophage induction by NAL itself (4). They too found that NAL decreases the burst size of X. We were surprised to find that T4 and T2 have relatively large bursts in the presence of even 50 ,Mg of NAL per ml. Taketo and Watanabe reported that T2, T5, q5X174, and q5R were all inhibited to the same extent by NAL (11) . Our results agree with theirs for T5 and OR, but we find that T2 (as well as T4) is not strongly inhibited by NAL. The discrepancy may be due to the fact that their experiments were not one-step growth experiments. Taketo and Watanabe infected at low multiplicities of infection (0.08 to 0.1), added NAL at 7 min after infection, incubated the undiluted cultures for an additional 60 min, and then titered for phage. The important difference in our experiments is that, 7 min after the addition of phage, we dilute the culture by at least a factor of 104. The dilution greatly decreases the probability of secondary infections by phage particles released in the first burst. The results of Table 4 indicate that, if T4 is allowed to infect cells pretreated with NAL, a much reduced burst occurs. As stated previously, the small bursts are not due to poor adsorption of phage particles. Thus, our explanation of the results of Taketo and Watanabe, done at low multiplicities of infection, is that, as the first burst occurs, the phage particles are readsorbed by the many uninfected NAL-treated bacteria, and upon titering at 60 min only a few phage particles are detectable. When we repeat their experimental procedure, then we also observe that NAL at 50 Ag/ml seems to inhibit T4 phage production totally. On the other hand, our onestep growth experiments show that during single cycles of infection T2 and T4 grow fairly normally in the presence of NAL.
The initial impetus for our work was the report that the B. subtilis bacteriophage SPOl, containing DNA with hydroxymethyluracil, was hardly inhibited by NAL (5 Stent (9) .
